2. In the first set of simulations we studied the relative importance of small variations in process morphology on distant depolarization.
A process was placed midway along an isolated piece of a passive neuron branch. The dimensions of the four processes corresponded to actual processes in the serial sections. A synapse, placed on the head of each process, was activated and depolarization was recorded at the end of the neuron branch. When we used 5 nS synaptic conductance, depolarization varied by 3 inV. In a systematic study over a representative range of stem dimensions, depolarization varied by 15.7 mV. Smaller conductances produced smaller effects. Increasing membrane resistivity from 5,000 to 50,000 _tcm z had no significant effect.
3. In a second series of simulations, using whole primary afterents, we examined the combined effects of process location and afferent morphology on depolarization magnitude and latency, and the effect of activating synapses individually or simultaneously.
Process location affects peak latency and voltage recorded at the heminode.
A synapse on a calyceal process produced -<8% more depolarization and a 23% increase in peak latency compared with a synapse on a process of a neuron branch. For whole primary afferents, depolarization decreased 40% between simulations of the smallest and largest afferents. Simulations in which membrane resistivity and synaptic conductance were varied while afferent geometry was kept constant indicated that use of 5,000 f]cm 2and !.0 nS produced results that best fit electrophysiological findings. Synaptic inputs activated simultaneously did not sum linearly at the heminode.
Total depolarization was _ 14% less than a simple summation of responses of synapses activated one at a time.
In a third set of simulations
we examined the effects of including an active SIZ on synapse summation and AP generation.
Adding an active SIZ at the heminode decreased total depolarization and increased the rate of repolarization compared with the passive condition.
Production of an AP at the SIZ depended on the number of synapses on the primary afferent, synaptic conductance, and membrane resistivity. Activating synapses beyond those required to reach AP threshold decreased AP peak latency by -<54%.
5. In a fourth set of simulations we examined the effects of stem morphology and process location (calyx or neuron branch) on depolarization at the head of an efferent process when the depolarization source was located proximally. Under these conditions stem morphology had virtually no effect on the voltage or peak latency recorded at the head of efferent processes. Membrane resistivity also had no effect. The location of an efferent process on the primary afferent minimally affected depolarization magnitude and peak latency.
6. In the final simulations we examined effects of recurrent synapse activity when process heads were depolarized with local synaptic input. The morphology of the stem altered the magnitude of depolarization recorded at the head by >45 mV when 5 nS synaptic conductance was used. This range increased to 53 mV at 1 nS and was reduced to 24 mV at 0.1 nS. on the position of the first heminode.
In the M-type terminal the heminode is at the base of the calyx. In the M/U type there is a short ( 1.0-2.0 urn) unmyelinated segment before the heminode, referred to here as the neuron branch.
In the U type the neuron branch varies in length from a few micrometers to >_100 #m. U-type nerve fibers predominate in the macula, accounting for possibly >_80% of the afferents in rat maculae.
U-type primary afferent endings consist of six main components: I) one or more calyces, 2) neuron branches, 3) afferent processes, 4) efferent processes, 5) recurrent processes, and 6) myelinated axons with a spike initiation zone (SIZ, i.e., 1st heminode) and nodes of Ranvier ( Fig. 1 ) . Only U-type fibers are simulated in this study.
Emanating from the neuron branch and calyx are projections called processes.
The processes are similar in some ways to the spines found on pyramidal cell dendrites ( Segev and Rall 1988; Wilson 1992) . Like spines, vestibular afferent processes consist of a stem and a bulbous head. However, most processes are larger than dendritic spines and they lack a spine apparatus. et al. 1983; Jack and Redman 1971 : Rail 1962 , 1984 Rose and Vanner 1988) , 2) examine depolarization within single cells ( Brown et al. 1981 : Coleman and Miller 1989; Koch et al. 1992 ) , 3) confirm the quality ofelectrophysiological recordings (Hestrin et al. 1990) , and 4) study the connections between two or more cells (Shepherd and Brayton 1979) .
Although many of the original models explored passive flow of current in dendrites and dendritic spines ( Rail 1967 ( Rail , 1969a Rall and Shepherd 1968) , later simulations included active channels (Segev and Rail 1988; Shepherd et al. 1985 ) . 3 . Procedure for converting a calyx into an equivalent cylinder for entry into NEURON. First the calyx is approximated by a cylindrical annulus. The radius of the inner membrane (r2) and that of the outer membrane (r_) are determined from measurements of three-dimensional (3-D) reconstructions of calyces. The "cylinder within a cylinder" provides a close approximation of the total surface area and volume measured from the original calyx. The 2 radii are used to produce a single cylinder with a cross-sectional area equivalent to the ann ulus. The radius of this equivalent cylinder ( rs ) is entered into the model along with the measured length of the original calyx. The membrane capacitance (Cm) of the calyx is increased to 2 uF/cm 2 and the membrane resistivity (Rm) decreased to 2,500 £cm z to compensate for the near-halving of the total membrane surface area. cylinder of equivalent cross-sectional area tbr use in the simulations ( Fig. 3) . The reasoning was that this produced a good set of approximations for the length of the calyx, the volume of cytoplasm, and the cross-sectional area of the calyx. Therefore the resistance to current flow along the length of the equivalent cylinder calyx approximated the resistance of the calyx. The one parameter of the equivalent cylinder approximation of the calyx that was not accurate was the total surface area, which was less than that of the original calyces largely because the calyx has inner and outer membranes.
To account for this discrepancy we increased the specific membrane capacitance to 2 uF/cm 2 and decreased the membrane resistivity to 2,500 _cm 2. These changes in the calyceal membrane made the total capacitance, resistance, and time constant of the equivalent cylinder representation of the calyx closely approximate the values in the original calyx. In the first set of four simulations we used an isolated neuron branch I 12 tam long and 2.5 tam diam, with morphologically different processes ( Fig. 4) emanating from the center. Process dimensions were obtained from serial section micrographs.
RESULTS

Simulations
Voltage was recorded at one end of the neuron branch.
As seen in Fig. 4 , maximum depolarization at the end of the neuron branch may vary slightly for different process geometries.
However, the traces in Fig. 4 , C and D, are identical.
The peak amplitude of depolarization at the end of the neuron branch is less in C and D than in .4 and B.
However, the latency is similar for all four processes. Whether the variation in amplitude and latency measured in the simulations has functional significance, such as altering the requirements for AP generation, will be addressed later in this report.
The above simulations provided an indication that morphological details of a process influence the magnitude of depolarization recorded at a distant site. However, the dimensions of the processes used in the above simulations did not cover the full range of stem lengths and diameters observed in the rat utricular macula. Therefore we systematically examined the effects of length and diameter (see Fig. 2 for definitions) by varying the diameter of the stem while keeping all other parameters constant and then by varying just the length of the stem while holding the diameter constant.
Using this methodology we investigated a 6 × 6 matrix of possible stem sizes (Fig. 5) . The lengths and diameters of the processes examined extended slightly beyond those measured in our sample of serial section electron micrographs because of the relatively small number of the longer and thinner processes that have been accurately measured. Two membrane parameters were varied: membrane resistivity and peak synaptic conductance.
Selection these two parameters is difficult because of the range of values that have been measured experimentally. Membrane resistivity was set at 5,000, 20,000 and 50,000 f_cm 2 and synaptic conductance at 5, 1, and 0.1 nS. All permutations of these parameters were tested. For the following sim ul ation s voltages were recorded at the end of the neuron branch.
Three sets of simulations are shown (Fig. 5, A-F) . The top row displays the magnitude of depolarization from rest (-65 mV) and the bottom row is the latency. Membrane resistivity was 5,000 _cm 2 for all cases. Synaptic conductance was 5 nS for A and B, 1 nS for Cand D, and 0.1 nS for E and F. The smaller dark region in Fig. 5C is the overlap between the stem dimensions of spines in the cerebellum (Harris and Stevens 1989) and vestibular afferent processes. The larger lined region is the overlap between stem dimensions of hippocampal CA I spines (Harris and Stevens 1989) and vestibular afferent processes.
The spine dimensions also extended offthe matrix, because some spines are both thinner and shorter than any of the stems observed in the macula.
The results demonstrate that there can be a large range in magnitude of depolarization at the end of the neuron branch when the length and diameter of the stem are varied (Fig. 5A ). The range of voltage values across the matrix in A is 15.7 mV (from 16.8 to 1.1 mV). Voltage increases are mostly restricted to the longest processes ( 16 tam) and occur when the diameter increases from 0.05 to 0.4 tam. When synaptic conductance is InS the voltage range is reduced to 3.1 mV. Therefore there can be a sizable difference in depolarization across the range of stem dimensions commonly found in the utricular macula. This suggests that the contribution of a particular synapse to the total depolarization of a vestibular afferent needs to be specified in models ofmacular function.
When membrane resistivity was varied (not shown), virtually no change in the range of depolarization was observed with any of the three synaptic conductances tested.
EFFECIS OF STEM DIMENSION ON LATENCY.
A gradual increase in latency occurred as stem diameter was varied from short and wide to long and thin. In general, increasing stem length increases latency and, conversely, increasing stem diameter decreases latency (Fig. 5 B) . Latency varied from 1.66 to 2.68 ms. This 1-ms range is sufficient to modify the temporal summation of simultaneous synaptic input. ( Fig. 6 ) . Their dimensions were measured from 3-D reconstructions.
Simulalions
Two identical processes were placed on each primary afferent, one on the calyx most distal to the SIZ (Fig. 6, arrows) and one on the neuron branch nearest the SIZ ( Fig. 6, arrowheads) .
Membrane resistivity was set at 5,000 f_cm z and synaptic conductance at 5 nS for the results shown in Fig. 7 . We simulated synaptic input to the two processes separately and recorded the change in cell potential at the SIZ, i.e., at the first heminode of the afferent.
The results show that the magnitude of depolarization of an afferent decreases between 7.4 and 1.6% when the process is placed on the calyx rather than on the neuron branch (Fig. 7) . This decrement is a result of leakage of current through the membrane that lies between the synaptic site on the calyceal process and the recording site on the nerve fiber branch. Along with the proximal flow of current, the calyx also provides a low resistance path for local synaptic currents to flow distally and a large surface area of membrane for current to leak through. Depolarization differs by _<40% between the afferents simulated (compare Fig. 7 , A and D). This is a consequence of the overall increase in surface area of the membrane, which permits more current to leak through the larger membrane surface area of the afferent (compare Fig. 6, A and D) . Latency increases 22% (0.33 ms) in the largest two afterents (Figs. 6, B and D, and 7, B and D) when the process is placed on the calyx rather than on the neuron branch. This increase is caused by the greater distance the current must travel to reach the SIZ and the additional time it takes to charge the membrane capacitance. How would the choice of membrane resistivity and synaptic conductance affect these results? Simulations were conducted using the afferent from Fig. 6A . In Fig. 8 the synaptic conductance was held at 5 nS while the membrane resistivity was varied. Under these conditions depolarization varies by <1 mV. However, increasing the membrane resistivity also increases the time constant of the membrane and therefore the membrane remains depolarized longer. Next the membrane resistivity was held constant at 50,000 _2cm 2 while the synaptic conductance was varied from 5 to 0.1 nS. Under these conditions a large drop in depolarization of the membrane occurred (Fig. 9) primarily affects the rate of return to the resting membrane potential. How could these results guide the selection of parameters for a whole-cell simulation? Would particular values be critical, or could the values vary with little effect on the result? To explore these questions we selected one primary afferent (Fig. 6D ) and placed a total of four afferent processes on its calyces and neuron branches. One synapse was placed on each afferent process head and 10 synapses were placed near the base of each calyx. The total of 44 synapses and their distribution are representative of the population observed in mammalian endorgans. We used this afferent (Fig. 10) for a number of simulations described below. SUMMATION 
OF SYNAPTIC INPUTS.
]n our previous simulations we examined the effects of process location on depolarization magnitude at the SIZ. In those simulations identical processes with identical synapses were placed at various locations on the afferent terminal. However, synapses along the inner membrane of the calyx from type I hair cells and along the outer membrane from the type II hair cells are more numerous sources of synaptic input to the afferent. Synapses on calyces were assessed by the next set of simulations using the representative afferent described above. In one case, active membrane was placed at the SIZ and at the nodes of Ranvier. |nternodal regions were modeled as highresistance regions of membrane ( 1 MQcm2). For the simulation shown in Fig. I 1, membrane resistivity was 5,000 flcm 2 and synaptic conductance was i nS. In the first simulation (solid line) the 44 synapses were activated 1 at a time and the individual results summed. In the second simulation (dashed line) all 44 synapses were activated simultaneously. In this case peak depolarization was 14% less than the sum of the individual synaptic responses, demonstrating that synaptic currents did not sum linearly.
Simulations of primary afferents with active SIZ
Figure !1 (dotted line) illustrates the results of adding active membrane to the first heminode (the SIZ) and to nodes along the axon. Synapses were activated individually and their responses summed. In this case peak depolarization is reduced and the rate of repolarization is more rapid. A single 5-nS synapse on the neuron branch was activated to provide the current source. Depolarization magnitude (Fig. 13A) and latency (Fig. 13B) at the presynaptic site (head) of an efferent process are virtually unaffected by process morphology.
There is a maximum increase of 0.43 ms and 0.2 mV between the shortest, large-diameter stem (0.5 × 1.6 pm) and the longest, thinnest stem ( 16 X 0.05 um). Varying the membrane resistivity and synaptic conductance, as was done in previous simulations, simply shifted the matrix results up or down (not shown).
EFFECTS OF PROCESS LOCATION ON VOLTAGE AND LATENCY AT THE DISTAL END OF AN EFFERENT PROCESS.
For the next simulation we placed four efferent processes at different loca- With a proximal depolarization source, voltage and latency vary little at the distal end of an efferent process for the range of stem dimensions tested. When membrane resistivity and synaptic conductance were varied, the only change observed is a slight shift of the entire surface along the Z axis ( not shown ).
tions on the representative afferent. All 44 synapses on the afferent were activated simultaneously, producing an AP at the SIZ. The AP was used as the source of current for depolarizing the cell and voltage was recorded at the terminal ends of the efferent processes. The distal voltage spread from the SIZ is nearly uniform at the distal end of an efferent placed at any site on the primary afferent (Fig. 14) .
Simulations of recurrent connections
In many instances a postsynaptic site is located next to a presynaptic site within a process head (Fig. 1 ) , forming a recurrent connection. In such a connection the postsynaptic depolarization produced in the process head may be sufficient to cause release of neurotransmitter to the type II hair cell. Therefore we simulated such a situation by recording the depolarization within a process head next to a synapse (Fig. 15 ) . The membrane resistivity was kept constant at 5,000 f_cm 2 . The shaded regions in Fig. 15Care the overlaps _ -60.
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Effect of location on efferent processdepolarization. Processes were placed at 4 locations on the model neuron (Fig. 10) . All 40 synapses on calyces were activated simultaneously.
The depolarization reaching the efferent head after an AP fires (i.e,, the distal spread of the AP) is minimally affected by process location. The depolarization varies from about -5 to +3 mV at the proximal end of el and the middle ofnbl ( see Fig. 10J , respectively.
reducing the synaptic conductance to 1 nS ( Fig.  15C) stem dimensions of dendritic spines and vestibular afferent processes (see Fig. 5C ).
In Fig. 15A (Durand et al. 1983; Jack and Redman 1971; Rail 1962 Rail , 1984 Rose and Vanner 1988 (Rossi et al. 1977 ), lizards (Schessel et al. 1991 , and toads (Sugai et ai. 1991 ) , and in the auditory system of goldfish (Furakawa et al. 1978) , provide values between 0.5 and 1.0 mV. Although the morphology ofafferents in these animals differs from that in mammals, our findings suggest that a 1.0 nS synaptic conductance is most appropriate for use in vestibular afferent simulations because 1.0 nS produces an appropriate-amplitude EPSP (see Fig. 9 ). Also, when 1.0 nS is used the number of simultaneously activated synapses necessary to produce an AP with minimal delay matches well with the number of synapses found within some rat type I hair cells, i.e., 6-10 synapses per cell. Altering membrane resistivity did not change the EPSP amplitude enough to provide a basis for choosing between the values tested. However, EPSP duration was closest to that obtained experimentally when the membrane resistivity was 5,000 _2cmZ (Fig. 8) . Including an active SIZ in the simulation (Fig. 11 ) brought the EPSP duration even closer to measured values.
Effects of stem dimension
Our first simulations were conducted on morphologically realistic processes emanating from a short length of neuron branch. et al. 1991, 1992) . Furthermore, the result of examining a range of membrane resistivities and synaptic conductances constrains the final selection of values for these variables.
Morphological
details influence simulation results. For example, placing a process on a calyx rather than on a neuron branch resulted in a 7% decrease in depolarization (Fig.  7 ) ; simultaneously activated synapses did not sum linearly but lowered the magnitude of depolarization at the SIZ by 14% (Fig. 11 ) ; an afferent with four calyces contributed 40% less depolarization at the SIZ than an afferent with two calyces (compare Fig. 7 , A and D). These purely morphological differences would be counterbalanced or further exaggerated by the choice of membrane electrical parameters.
If processes are viewed as electronic devices, the voltage drop across the stem of both afferent and efferent processes is controlled by impedance matching. There are two impedance matching problems: head to stem and stem to neuron branch.
In afferent processes the head to stem impedance matching is a consequence of the ratio gsyn/gs,em (the conductance of the synapse divided by the conductance of the stem). The net effect of a synapse on depolarization of the neuron branch (or calyx) is determined by the ratio of the conductance loading provided by the neuron branch (or calyx) to the conductance of the stem. If gsyn is large and gstem is small (i.e., the diameter of the stem is small), the process can act as a fixed voltage source ( Koch et al. 1992 ), but only if the conductance of the neuron branch ( or calyx) is small. On the other hand, if the conductance of the neuron branch is large compared with the stem, then the stem cannot transfer sufficient current to depolarize the neuron branch, i.e., there is an impedance mismatch.
The consequence of this impedance mismatch is seen by comparing results of the long, thin stems in Fig. 5A with Fig. 15A . Under these conditions, impedance mismatch decreased the magnitude of depolarization by >60 mV (see also Shepherd and Brayton 1979, Fig. 2 ).
Efferent processes, because of their relatively small diameter, have a high input impedance compared with the neuron branch or calyx from which they emanate.
Just as the high input impedance of an oscilloscope allows it to accurately reflect the voltage of some system, the high input impedance of stems of efferent processes allows the processes to accurately reflect the magnitude of depolarization within calyces and neuron branches. Thus efferent processes act as voltage followers. This result agrees with findings obtained in models of dendrites and dendritic spines by Shepherd and Brayton (1979) . 
Effects oj process location
Our first insight from simulations of whole afferent endings was that process location affected net depolarization at the SIZ, but the significance of this effect could not be determined immediately.
Of greater consequence was the overall size of the afferent, which greatly altered the magnitude of depolarization (Fig. 7) . As the number of calyces and the length of neuron branches increased, the amplitude of the depolarization at the SIZ decreased. This is a function of the surface area of calyx membrane, which changes the charge-loading characteristics of the cell. Baird et al. (1988) and Goldberg et al. (1990) 
Nonlinear summation of synaptic input
Another important insight regarding summation of synaptic inputs is the magnitude of its nonlinearity.
In agreement with earlier work of Rail (1967) and of Jack et al. (1983) , the present results demonstrate that the activation of multiple, dispersed synapses cannot be considered equal to the sum of many individual, idealized synapses. For network simulations, the nonlinear effects of placing synapses on the heads of processes with thin stems must be accounted for or the depolarization of the neuron will be overestimated.
The nonlinearity demonstrated in these simulations is even greater when a train ofsynaptic activation occurs. For example, the second, third, and further activations of the synaptic channels at the head of a process with a thin stem will not pass the same current allowed by the first activation. This is because the head of the process will remain depolarized.
The electromotive driving force into the cell will be diminished until the local potential at the terminal head returns to resting. This result concurs with findings in dendritic spines of neostriatal spiny projection neurons (Wilson 1992) .
Including active membrane
The addition of active (Hodgkin-Huxley) channels at the SIZ reduces the amplitude and duration of subthreshold depolarizations. Active channels serve to increase the temporal dynamics of the system by more rapidly returning the cell to resting potential.
For a series of subthreshold responses, the contributions of individual synapses to depolarization of the afferent would be significantly less than estimated from simulations of passive neurons, especially if the in the CNS tend to be much longer and more branched than macular endings, electrically isolating the distal tips of the dendrite from the SIZ. The primary purpose of the AP is to transmit depolarization rapidly along the axon toward the CNS. A secondary consequence of the AP is a large, rapid, synchronous spread of depolarization distally into the primary afferent ending. With minimal delay, all the calyces on an afferent that has fired will be isopotential.
Likewise, all the neuron branches, process stems, and process heads will be nearly isopotential. Simultaneous with the AP, sufficient depolarization to release transmitter from the efferent endings will arrive at the efferent heads (i.e., >20 mV depolarization).
Moreover, as the distal spread of depolarization approaches 0 mV. synaptic input to the afferent will be altered, thereby changing the discharge characteristics of the nerve fiber. When the depolarization at the head exceeds the reversal potential of the synaptic channels (0 mV), the electromotive driving force at the synapse will change from inward to outward, shunting current out of the cell. Therefore, when the cell is depolarized by the distal spread of the AP, the inward synaptic current will first slow and then reverse when the local potential is >0 inV. In some afterents, no inward flow of ions will pass through the synapse beginning 0.3 ms after AP onset, and this effect will last for nearly 0.4 ms (Fig. 14) . Any postsynaptic channels that open will provide the afferent ending with a more rapid return to resting, not further depolarization. Therefore during an AP the electromotive driving force acting at a synapse would modulate the flow of current through the synaptic channel, acting as an "excitatory self inhibition." This modulation could have consequences for the rate and regularity of repetitive firing of the primary afferent. The distal spread of the AP could also act as a source of depolarization for long-term potentiation (LTP) ( Brown et al. 1990; Collingridge and Bliss 1987; Collingridge et al. 1983; Cotman and Monagham 1988; Lynch et al. 1983 ). This depolarization will occur with nearly equal magnitude and latency at all processes of a specific afferent (Figs. 11  and 12 ). The timing and magnitude of the depolarization would be sufficient to produce LTP and would occur only with AP firing.
